Limitations following stroke make it one of the leading causes of disability. The current medical pathway provides intensive care in the acute stages, but rehabilitation services are commonly discontinued after one year. While written home exercise programs are regularly prescribed at the time of discharge, compliancy is an issue. The goal of this study was to inform the design of a home-based portable rehabilitation system based on feedback from individuals with stroke and clinicians. A main component under consideration is the type and format of information feedback provided to the user, as this is hypothesized to support compliance with the rehabilitation program. From a series of focus groups and usability testing, a set of design requirements for the hardware and software were constructed. Essential features mentioned for the feedback interface included: task completion time, quality of movement, a selection of exercises, goal tracking, and a display of historical data.
INTRODUCTION
The population in the US is aging (Ortman, Velkoff, & Hogan, 2014) , and with increased age there is diminished motor control (Francis, Macrae, Spirduso, & Eakin, 2012; Fraser, Li, & Penhune, 2010) in addition to higher risk for neurological insult such as stroke (Santalucia et al., 2015) . Over 700,000 new cases of stroke occur each year (Rosamond et al., 2007) . This number is projected to increase with the aging of the baby boomer generation. Despite evidence that improvements can still be made several years post-stroke (Wolf et al., 2010) , rehabilitation options in chronic stages of stroke are not well established. Only 10-15% of stroke survivors had a follow-up with a physical therapist one year after their stroke (Langhammer & Stanghelle, 2003) . While written home exercise programs are commonly prescribed at the end of formal therapies, this transition to self-management of a home rehabilitation program is not ideal for long-term management of functional mobility. As practice is a key component to improvement (Wolf, Lecraw, Barton, & Jann, 1989) , participation is imperative for a home exercise program to lead to motor performance benefits (Novak, 2011) . Hence, developing approaches to better support clients with their home program is important.
For any home rehabilitation to be effective, adherence is a key component. A patient-centered home exercise program can be a low-cost intervention. Training in an ecologically valid environment, the home, can give greater meaning to training activities (Hodson, Aplin, & Gustafsson, 2016) . As demonstrated by previous research, exercise programs that include feedback from a person through a home visit, telephone call or clinic appointment have resulted in better outcomes compared to programs without feedback (Dobkin, Plummer-D'Amato, Elashoff, Lee, & Grp, 2010; Novak, 2011) . Moreover, feedback from a virtual reality gait training system was as effective as a therapist's verbal feedback in chronic stages of stroke (Byl, Zhang, Coo, & Tomizuka, 2015) . However, individuals with stroke who do not routinely see rehabilitation professionals in chronic stages of recovery, do not receive feedback on their home exercise programs.
Sensory and motor deficits post-stroke can make it more difficult to perceive and correct movement error (Wutzke, Faldowski, & Lewek, 2015) . Receiving feedback, particularly after performing the motor task well, can assist the individual's performance (Chiviacowsky & Wulf, 2007) . It is noted that participants controlling the timing of feedback preferentially seek feedback when they feel they have performed well (Chiviacowsky & Wulf, 2005) . It is believed that receiving feedback after a "good" trial helps the participant develop error detection and a correction mechanism (Carter, Carlsen, & Ste-Marie, 2014) . Feedback can give individuals a better understanding of their abilities, building self-efficacy and fostering the ability to set appropriate goals for themselves (Dobkin et al., 2010; Novak, 2011) .
While feedback has been identified as an important component of rehabilitation programs, it is often lacking from home-based programs. Based on a survey of practicing occupational and physical therapists (Langan et al., 2017) , approximately 74% of therapists report sending patients home with a written home program and non-technological equipment to continue rehabilitation efforts after formal therapies have concluded. Conventional therapy equipment such as stopwatches are more frequently used than newer technology like Wii™ and Kinect™ games. Still, less than 25% of therapists report using a stopwatch five or more times per week. Newer technology is typically used less than once per week and generally incorporated into interventions rather than assessments. Only 11% of respondents use objective feedback more than 75% of the time. However, a majority prioritized the need for a means to provide objective feedback to both therapists and patients. For any feedback system developed, they indicated it should include task completion time, smoothness of movement, and symmetry of movement.
Due to the limitations of current practice, and advances in technology that support application in the home, the objective of this study was to design a portable technology that can encourage better selfmanagement in home-based stroke rehabilitation. In order to design an effective system that meets the needs of the target population, the first stage was to meet with stakeholders for requirements gathering and initial prototype evaluation. The objective of this paper is to provide a summary of user requirements for the design of a portable home rehabilitation system. This information can support the improved design of systems targeted toward individuals with stroke and other upper extremity motor impairments.
METHODS
A series of two sets of focus groups, followed by individual usability evaluation, were completed. In between each period of testing, the research team developed and redesigned a prototype of the rehabilitation system.
Design Concept
The research team designed a homerehabilitation portable measurement system that provides data on upper extremity functional mobility across a range of capabilities. These capabilities include: general arm movement, forearm pronation and supination, elbow extension, and fine motor control. These motions are important for performing essential activities of daily living. The system pairs 3D printing with movement sensors to provide a scalable and customizable option. In order to be consistent with typical tasks needed in daily life, the system includes objects designed to mimic those encountered in the home, such as a mug or bowl. Built-in sensors from a phone embedded in the mug or bowl capture activity data, including movement time, acceleration, orientation, and smoothness, during rehabilitation. Figure 1 shows the current system after completion of the iterative design process. 
Stakeholder Focus Groups
Two main stakeholder groups were identified when considering the design: individuals with chronic stroke who are no longer participating in formal programs, and clinicians who work with individuals with stroke during formal clinic and home rehabilitation programs. Two separate rounds of focus groups were completed for each stakeholder group. Three individuals with stroke were in the first group, and three occupational therapists participated in the second.
During the first focus group, participants were asked to provide feedback on the design concept, the system hardware, and early prototype sketches for the feedback interface. The second focus group targeted identifying preferred timing and presentation of performance feedback. In each session, participants first completed a written questionnaire and then participated in a group discussion on their responses.
Usability Evaluation
After implementation of the tasks and user interface, the functional prototype was evaluated to identify areas of concern in the design. Eight participants volunteered for this study including four individuals with stroke and four healthy older adults. Each participant was instructed in the use of the system and then performed a set of rehabilitation tasks, replicating basic tasks such as mug pouring or lifting and object transport, with the system set for 10 repetitions. Participants were observed by a trained occupational therapist and a product designer to identify challenges with the system. Following the trial period, participants answered a series of usability questions adapted from the Questionnaire for User Interaction Satisfaction (QUIS), focusing on the overall reaction to the system, system learnability, and interface design. Participants then completed an interview, where they provided feedback on the system. This feedback, along with the responses from the focus groups, was then generalized into a set of design requirements for this and similar systems.
RESULTS
During the focus groups, the clinicians substantiated the need for better long-term options to promote home-based therapeutic practice. The clinicians prioritized motor coordination and functional skills for rehabilitation. Essential features mentioned for the feedback interface include: task completion time, quality of movement, a selection of exercises, goal tracking, and a display of historical data. Table 1 summarizes the ratings of importance for 13 features regarding the information presented in task feedback. As shown, the lowest rated items by both groups were having the ability to share information with either peers or caretakers and receiving rewards for progress.
For the second focus group, individuals with stroke indicated a preference for receiving performance feedback either after each trial or at the end of a full rehabilitation session. Although they wanted the feedback to be shown during task performance, the individuals with stroke indicated that this would be too confusing to focus on while also trying to concentrate on the task itself. Two participants wanted to see their performance over the past week, while the third wanted to see the change from the previous day. They expressed a desire to compare the numbers for the performance with their own prior performance. As indicated by the clinicians during their focus group, comparison to one's own performance is preferable so that the individual is not discouraged by seeing the performance of others. By both groups, visual information was requested to be numeric rather than graphical or picture-based. However, the clinicians also requested video or animated playback of the task to show movement quality and to be able to show clients where errors were made. This feature was not included in the current prototype due to an initial focus on individuals with stroke, but may be considered in future versions of the device.
Following creation of the prototype system, the older adults and individuals with stroke completed the usability evaluation. Overall, ratings of the system concept were positive, with one participant commenting "I could see what I had to do to improve the graphs…after a couple of times I could see what worked and what didn't…I would use this, I don't know that I would call it fun, but it makes it interesting to do rather than sitting with an inanimate object like clay or an elastic strap."
In terms of the 3D printed hardware, particularly the mug since it is used most often in the planned exercises, participants commented that they liked the shape of the handle, the fact that the device did not look therapeutic, and that it was compatible with other kitchen equipment. One older adult commented that it required too little effort. Other negative features were the lack of stability of the phone inside the 3D printed object and the number of turns required for the screw top to secure the phone inside the mug. With regards to the interface, the areas with the lowest average ratings (out of a maximum score of 9) across the 8 participants were overall frustration (6.6), level of stimulation (6.5), and the level of clarity on the level of progress (7.4). Highest ratings were received for the ease of learning to operate the system (8.75), the clarity of the sequence of screens (8.6), and the clarity of the organization of information (8.5).
Important positive characteristics that were commented on and that can be generalized to the design of other similar systems include:
• A relevant set of exercises • A portable system that can be taken home • Supportive instructions
• Large letters and numbers to support readability • A clear voice for instructions • Overall ease of use Areas for improvement that will be incorporated into future iterations of the system and should be considered for future systems include:
• Ensure the directions are clear • Provide positive feedback after completing an exercise • Ensure reliability of measurement system to have accurate counts that match user expectation • Loud volume for any auditory instructions or feedback • An angled phone screen for easier readability Observations of participant use during the usability testing were consistent with the self-reported areas of difficulty.
DISCUSSION
This study was focused on the design of an effective home-based stroke rehabilitation system and identification of user requirements for the design of such a system. The results of this study support an interest from clinicians, older adults, and individuals with stroke for a home-based rehabilitation system that provides feedback on quality of movement and allows users to track their progress.
While many of the results are consistent with general principles of designing for older adults, such as ensuring clear directions and providing large lettering and numbering for improved readability, there were a number of specific design recommendations regarding the type of feedback users wanted to see. Contrary to expectation and the current trend in most mobile systems, the individuals with stroke placed low priority on sharing information with peers, even though most of the participants engage in community support groups for stroke survivors. Participants preferred immediate auditory feedback following task completion, but wanted a more detailed display of their performance at the end of the exercise that included pictures or graphics so that they could compare their current performance to their goals and to prior performance. They placed relatively low priority on receiving rewards for meeting goals. The participants were satisfied with receiving basic on-screen feedback for motivation, such as a star icon, and did not need a separate reward system. However, for long duration compliance of rehabilitation, further work should investigate the need for and design of a more elaborate reward system. Future work is also needed to identify the effectiveness of different forms of feedback provided to the user. The current work presents the expressed preferences, but trials are needed to compare the relative compliance and rehabilitation outcomes when different feedback modalities and timings are used.
